AP-2 adaptors regulate clathrin-bud formation at the cell surface by recruiting clathrin trimers to the plasma membrane and by selecting certain membrane proteins for inclusion within the developing clathrin-coat structure. These functions are performed by discrete subunits of the adaptor heterotetramer. The carboxyl-terminal appendage of the AP-2 ␣ subunit appears to regulate the translocation of several endocytic accessory proteins to the bud site. We have determined the crystal structure of the ␣ appendage at 1.4-Å resolution by multiwavelength anomalous diffraction phasing. It is composed of two distinct structural modules, a ␤-sandwich domain and a mixed ␣-␤ platform domain. Structure-based mutagenesis shows that alterations to the molecular surface of a highly conserved region on the platform domain differentially affect associations of the appendage with amphiphysin, eps15, epsin, and AP180, revealing a common protein-binding interface.
Eukaryotic cells take up extracellular macromolecules within small invaginations of the cell surface in a process termed endocytosis. The bulk of endocytosis is believed to occur at discrete bud sites on the plasma membrane coated with a polygonal clathrin lattice. AP-2 adaptors play a pivotal role in the assembly of these clathrin-coated buds (1, 2) . The heterotetrameric adaptor, composed of Ϸ100-kDa ␣-and ␤2-, 50-kDa 2-and 17-kDa 2 subunits (Fig. 1A) , recruits clathrin trimers to the membrane surface, orchestrating the assembly of the clathrin lattice. AP-2 also plays a direct role in selecting molecules for preferential inclusion within the developing clathrin-coated bud (1) . The sorting function appears to be mediated primarily by the 2 subunit of the adaptor complex. 2 interacts directly, albeit weakly, with tyrosine-based internalization signals present in many transmembrane proteins (3) . The 2 subunit has also been reported to interact directly with the dileucine class of sorting signals (4) . The crystal structures of the carboxyl-terminal portion of the 2 chain associated with peptides containing tyrosinebased internalization signals show that these sorting signals interact with 2 in an extended conformation (5) . Because AP-2 maintains direct interactions with both the overlying clathrin lattice and the sorting signals projecting up from the membrane below, the adaptor is incorporated into clathrin-coated vesicles near stoichiometrically with clathrin.
It is now clear that additional proteins also contribute to the productive assembly of clathrin-coated vesicles. For example, the GTP-binding protein dynamin plays an important role in the final scission process (6) . Dynamin appears to be recruited into the assembling lattice by amphiphysin; a proline-based sequence (PSRPNR), located at the carboxyl-terminal end of dynamin, binds to the Src homology 3 (SH3) domain of amphiphysin. The crystal structure of the amphiphysin II SH3 domain reveals that good specificity is achieved for these two binding partners by alteration of the general SH3 fold in amphiphysin to accommodate the uncommon two arginine residues in the dynamin sequence (7) . Overexpression of the SH3 domain of amphiphysin inhibits clathrin-mediated endocytosis in vivo by interceding in the translocation of soluble dynamin onto the membrane (8, 9) . The inhibition indicates that the recruitment of amphiphysin precedes dynamin and, accordingly, an AP-2-binding element is found within the central region of amphiphysin I (8-13) that allows the protein to bind to the carboxyl-terminal end of the ␣ subunit of AP-2.
Electron microscopic images of purified AP-2 heterotetramers reveal that two separate globular appendages, which correspond to carboxyl-terminal portions of the large ␣ and ␤2 chains, project off the central core of the complex (14) (Fig. 1 A) . Like amphiphysin, several other proteins implicated in clathrin-mediated endocytosis also interact with the autonomous ␣-subunit appendage. Both eps15 (15, 16) and epsin (17) appear to bind to a similar site on the ␣ appendage and, like the amphiphysin SH3 domain, overexpression of the AP-2-binding portion of either protein potently blocks endocytosis in vivo (17, 18) . AP180, another clathrin-coat associated protein (19) , also binds to the ␣ appendage of AP-2, as does dynamin (10) . Although the precise functions of these accessory proteins remain to be delineated, these studies do reveal that the ␣ appendage is a central coordinator of many of the protein-protein interactions that appear necessary for the biogenesis of clathrin-coated vesicles. Here, we present the x-ray crystal structure of the ␣ C -subunit appendage solved at 1.4-Å resolution. The appendage is composed of two linked structural modules, a ␤-sandwich domain and mixed ␣-␤ platform domain. Structure-based mutagenesis reveals that a highly conserved surface on the platform domain of the appendage is a major interface for the association with amphiphysin, epsin, eps15, and AP180.
MATERIALS AND METHODS
Protein Purification and Crystallization. A construct of the appendage domain (residues 701-938) of the murine ␣ C subunit [the ubiquitously expressed form of the ␣ subunit (20) ] in pGEX-2T was kindly provided by R. G. W. Anderson (10) . The glutathione S-transferase (GST)-fusion protein was expressed in Escherichia coli BL21 (DE3) by using a standard induction protocol that entails shifting log-phase cultures (A 600 ϭ Ϸ0.6) from 37°C to room temperature for induction. Bacteria were recovered by centrifugation and then the GST-fusion proteins collected on glutathione Sepharose 4B after lysis of the bacteria in B-PER reagent (Pierce) and removal of insoluble material by centrifugation. After washing the beads extensively with PBS, the ␣ C appendage was released by thrombin cleavage, exchanged into 25 mM Tris⅐HCl, pH 7.5͞25 mM NaCl, and further purified by sequential anion-exchange and gel-filtration chromatography. The purified appendage was concentrated to Ϸ6 mg͞ml in a Centricon (Amicon) device for crystallization. After thrombin cleavage, the linker sequence GSPGIRLGS precedes Ser-701 of the ␣ C appendage. Selenomethionine (SeMet)-substituted ␣ C appendage was prepared after transforming the pGEX construct into the E. coli strain DL41 (21) . A starter culture (100 ml), in modified LeMasters medium (22) containing 25 g͞ml L-SeMet, was used to inoculate the large-scale (4-liter) culture in the same medium. Induction and purification was as described above for the native protein except that all buffers contained 5 mM EDTA and 10 mM DTT. Mass spectroscopy showed that the replacement of the four Met positions by SeMet was quantitative. Crystallization of the purified ␣ C -appendage was achieved by hanging drop vapor diffusion by using a wide array of crystallization conditions. The best native crystals were grown from 1.3 M ammonium sulfate͞80 mM Hepes, pH 6.9͞8% dioxane at 20°C. Drops were set up by using 1 l of protein at 6 mg͞ml mixed with 0.5 l of precipitant buffer. These crystals can grow as large as 250 m ϫ 250 m ϫ 75 m and belong to the monoclinic space group P2 1 . The unit cell dimensions are a ϭ 40.81 Å, b ϭ 72.75 Å, c ϭ 41.86 Å, b ϭ 99.69°. The best diffracting crystals of the SeMet-substituted ␣ C appendage were grown from 1.5 M magnesium sulfate and 100 mM Mes, pH 6.8, at 20°C. Drops were set up with 1.3 l of protein at 9 mg͞ml with 0.6 l well solution and 0.1 l 100 mM spermine tetra-HCl. These crystals are morphologically indistinguishable from the P2 1 crystals but belong to the triclinic space group P1 with unit cell dimensions a ϭ 38.70 Å, b ϭ 40.73 Å, c ϭ 41.84 Å, ␣ ϭ 99.68°, ␤ ϭ 95.81°, ␥ ϭ 113.60°. Both crystal forms were cryo-preserved by liquid nitrogen flashcooling by using 30% glycerol in combination with the crystal mother liquor.
Phase Determination and Structure Refinement. The structure of the ␣ C appendage was determined by the multiwavelength anomalous diffraction (MAD) phasing method (23) . Four data sets were collected for the SeMet protein in the P1 crystal form at wavelengths near the Se absorption edge at the Advanced Photon Source (APS) undulator beamline 19-ID on a chargecoupled device detector (24) . Data were indexed and processed by using DENZO and SCALEPACK (25) . Atomic positions for the four Se atoms were obtained by means of Patterson methods with initial positions refined by using MLPHARE (CCP4) (26) . MAD phasing was carried out by using the program SHARP (27) . The resulting experimental map was of very high quality, with an overall figure of merit of 0.67 to 1.6 Å (0.94 after solvent flattening͞flipping by using SOLOMON (CCP4)). The atomic model was traced with the program O (28) . The model was then refined with the programs X-PLOR (29) and REFMAC (CCP4). Data for the native crystal in the P2 1 space group were also collected at APS 19-ID. The structure was solved by molecular replacement by using the P1 crystal form coordinates with the program AMORE (30) . For both the P1 and P2 1 structures, there were no ambiguous regions such that complete atomic models could be accurately built and refined for all 238 residues of the ␣ C appendage as well as the amino-terminal nine residues corresponding to the fusion protein linker region.
Binding Assays. The association of cytosolic proteins with the GST-␣ C appendage was assayed in 25 mM Hepes-OH, pH 7.2͞125 mM potassium acetate͞2.5 mM magnesium acetate͞5 mM EGTA͞1 mM DTT (assay buffer) in a final volume of 500 l. GST or the GST-fusion proteins were first each immobilized on 25 l packed glutathione Sepharose, and the immobilized proteins were then washed and resuspended to 100 l in assay buffer. Rat brain cytosol (31) was added and the tubes incubated at 4°C for 60 min with constant gentle mixing. The Sepharose beads were then recovered by centrifugation at 10,000 ϫ g max for 1 min and 35-l aliquots of each supernatant removed and adjusted to 100 l with SDS͞PAGE sample buffer. After washing the Sepharose pellets four times each with Ϸ1.5 ml ice-cold PBS by centrifugation, the supernatants were aspirated and each pellet resuspended to a volume of 100 l in SDS͞PAGE sample buffer. Unless otherwise indicated, 10-l aliquots, equivalent to Ϸ1͞150 of each supernatant and 1͞10 of each pellet, were resolved by SDS͞PAGE and either stained with Coomassie blue or transferred to nitrocellulose. Note that decreased crosslinking as a result of the altered acrylamide:bis-acrylamide (30:0.4) ratio we use for SDS͞PAGE affects the mobility of several proteins, most noticeably eps15, AP180, and epsin. Blots were probed with polyclonal antibodies against epsin (17) or with monoclonal antibodies against amphiphysin I and II, AP180, dynamin, and eps15 (Transduction Laboratories, Lexington, KY). Bound antibodies were visualized by using enhanced chemiluminescence.
Mutagenesis. ␣ C appendage mutants were generated by sitespecific mutagenesis with the QuikChange Kit (Stratagene) by using the GST-␣ C in pGEX-2T as the template. The sense primers used to generate the F837A, R905A, and R916A mutants were 5Ј-GGCTTCTCAGGATTTTGCGCAACGTTGG-AAGCAGTTGAGC-3Ј, 5Ј-CCCAGATTGGCTGCTTGTTG-GCGCTGGAGCCAAACC-3Ј, and 5Ј-CCTGCAAGCTCAG-ATGTACGCGTTGACCTTGCGTACCAGC-3Ј, respectively. All mutants were verified by automated dideoxy sequencing. Purified GST-␣C appendage (0-100 g) or GST (100 g), immobilized on 25 l packed glutathione Sepharose, were incubated in Ϸ7.5 mg͞ml rat brain cytosol for 60 min at 4°C. The Sepharose beads were then recovered by centrifugation, and aliquots corresponding to Ϸ1͞150 of the supernatant (S) and 1͞10 of each pellet (P) were resolved by SDS͞PAGE and either stained with Coomassie blue (Left) or transferred to nitrocellulose (Right). Portions of the blots were probed with anti-epsin, anti-eps15, anti-amphiphysin, anti-AP180, or anti-dynamin antibodies. The position of the markers (kDa) is indicated on the left and only the relevant portion of each blot is shown.
RESULTS AND DISCUSSION
The general function of the AP-2 adaptor complex is to recruit select proteins to a clathrin-bud site. The appendage of the ␣ subunit binds to several endocytic accessory proteins and, when expressed as a GST-fusion protein, the ␣ C appendage associates with soluble accessory proteins present in brain cytosol in a hierarchical fashion (Fig. 1B) . In our assays, epsin 1 and eps15 display the highest apparent affinity for the functional appendage domain. Even at very low concentrations of immobilized GST-␣ C , both proteins translocate near quantitatively from the cytosol fraction onto the beads (Fig. 1B) . Amphiphysin I and II and AP180 also move almost completely onto the beads, but both require higher concentrations of the immobilized appendage to do so. Dynamin interacts with the ␣ C appendage only poorly and, unlike the other endocytic accessory proteins, the bulk of the dynamin input remains in the soluble fraction (Fig. 1) . Because dynamin does not appear to associate extensively with the GST-␣ C in the absence of amphiphysin, our data support the idea (33) . A total of 79 residues of the ␤2 domain can be aligned with 125 residues of the appendage with a rms deviation (rmsd) of 3.8 Å. Only 5% of the residues are identical. Comparison of the ␤-sandwich domain (34) reveals extensive structural overlap with subdomain B of the 2 subunit of AP-2 (5), with 100 of 125 residues aligned with an rmsd of 2.8 Å, although the topology is distinct and the sequence identity for aligned residues is only 8%. (D) Superimposition of the appendage-platform domain with TBP (35) . TBP is pseudosymmetrical, composed of two structural repeats which, together, form a concave saddle-like surface over which the TATA box runs.
Comparison of the platform domain with the TBP carboxyl-terminal repeat aligns 75 of 113 residues with an rmsd of 3.0 Å and sequence identity of 8%. The orientation of the platform domain has been rotated forward relative to B.
that dynamin most likely associates with AP-2 predominantly by binding to the SH3 domain of amphiphysin (7) .
Because the primary sequence of the ␣ C appendage does not provide any obvious clues as to how several accessory proteins can bind to this domain, we have solved the x-ray crystal structure of this biologically active fragment. The structure of the SeMetsubstituted protein was determined at 1.6-Å resolution by MAD phasing (23) (Fig. 2A, Table 1 ), and the structure of the native protein was refined in a second space group at 1.4-Å resolution ( Table 2 ). The ␣ C appendage is a two-lobed structure of approximate dimensions 47 Å ϫ 53 Å ϫ 59 Å (Fig. 2B) . The first domain (residues Ser-701-Phe-825), proximal to the AP-2 adaptor core, is a two-sheet ␤-sandwich composed of eight antiparallel ␤-strands. The distal domain (residues Phe-826-Phe-938) is a mixed ␣-␤-folded structure we term the platform domain, composed of two helices buttressing an antiparallel ␤-sheet and with an additional helix crossing the top of the sheet. The two domains make extensive interactions with each other (Ͼ1,200 Å 2 of buried surface area), and no segmental mobility is observed in comparing the structures in two different crystal-packing environments (overall rms deviation of 0.35 Å).
A search for structural similarity to the ␣ C appendage found no similar two-lobed structures, although both individual domains do have structural precedents. The ␤-sandwich domain has a topology remarkably similar to proteins of the Ig superfamily (IGSF), with a single additional ␤-strand (termed AЈ) relative to a canonical IGSF C-type fold (Fig. 2C) . The Cys residues that traditionally form a disulfide bond between the B and F strands of IGSF domains are replaced by hydrophobic residues in the ␣ C appendage (Ile-739 and Leu-801). We suspect that the presence of this topology in the appendage might be another example of evolutionary convergence on a highly stable fold (36) . The structure of the platform domain displays considerable topological similarity (34) with the yeast TATA-box binding protein (TBP) (35) . The major differences between the TBP fold and the ␣ C appendage platform domain are the lack of an overlying ␣-helix and the addition of a single ␤-strand at the edge of the sheet in TBP (Fig. 2D) .
Sequence alignment of the appendage domain of mouse ␣ C with those of ␣ subunits from a variety of species reveals a substantial number of invariant residues (Fig. 3A) . Primary sequence identity is greatest in the platform domain, where almost 25% of the residues (28 of 113 in mouse ␣ C ) are invariant. The distribution of the conserved residues on the threedimensional surface of ␣ C reveals three general areas of invariance: the platform face, a ledge on the backside of the platform, and the backside of the sandwich domain below the ledge (Fig.  3B) . The conserved surface on the backside of the sandwich domain is somewhat discontinuous, and the majority of residues are hydrophilic. The backside ledge below the platform domain ␣1-helix, on the other hand, has a hydrophobic character. Interestingly, a region of the 9-aa linker peptide binds deeply into the hydrophobic ledge of a crystallographically related appendage in both the P1 and P2 1 crystal forms. A number of invariant and conserved ␣-appendage residues are contacted by two hydrophobic residues of the linker peptide, suggesting a possible role for this region in mediating interactions with one or more binding partner. Far more striking, however, is the absolute invariance of the surface of the platform face (Fig. 3B) . Remarkably, half of the invariant residues in the platform domain converge in this area, strongly suggesting a highly conserved function. In the middle of the conserved patch is a hydrophobic pocket created in part by three residues from the sheet-crossing ␣1-helix (Phe-836, Phe-837, and Trp-840) and four residues coming from other secondary structures (Val-880, Val-888, and the aliphatic portions of Asp-881 and Arg-905) (Figs. 3B and 4B) . The hydrophobic character of the solvent-exposed residues in this cluster raises the possibility that this surface interacts with a binding ligand (37) . Interestingly, the topological alignments (Fig. 2) show that the molecular surface of TBP that interacts with DNA (35) overlaps the clustered patch of conserved residues in the ␣ C -platform domain (Fig. 2) . The overlap in the binding surfaces suggests that the fold might facilitate macromolecular associations in general and supports the idea that the conserved region of the ␣ C platform is an essential surface for the functioning of the appendage.
To test experimentally whether the platform surface is required for binding to endocytic accessory proteins, several appendage mutants were prepared, and each was allowed to associate with the accessory proteins present in brain cytosol. The effects of the substitutions F837A, R905A, and R916A, all invariant surface residues within the conserved cluster (Figs. 3 and 4B ), are shown (Fig. 4A) . The F837A mutation significantly reduces the interaction of AP180 with the GST-␣ C appendage, but has little effect on the binding of amphiphysin, epsin, eps15, or dynamin. An R905A substitution has a more dramatic effect, virtually eliminating the association of both amphiphysin I and II and AP180. Although binding of eps15 and epsin to GST-␣ C is slightly (1999) inhibited in the R905A mutant, this substitution, together with F837A, abolishes the ability of both proteins to bind to the ␣ C appendage. Arg-916, located adjacent to Arg-905 (Fig. 4B) , also contributes to the binding surface for amphiphysin and AP180, because an R916A change alone strongly inhibits the recruitment of both proteins (Fig. 4A) . Because of the different apparent affinities of amphiphysin and AP180 for the ␣ C appendage (Fig.   1 ), the effect of the F837A and R916A mutations varies with the density of the GST-␣ C -fusion protein immobilized on the glutathione Sepharose. At low density, the R916A mutant binds neither AP180 nor amphiphysin. At Ϸ4-fold higher density, detectable binding of both proteins is seen, and association with the appendage is abolished only in the R916A-F837A double mutant. Interestingly, the residues equivalent to Arg-905 (Leu-205) and Arg-916 (Lys-211) in TBP both contact the TATA DNA element directly (35) . Arg-916 does not appear to contribute to the binding surface on the platform for either epsin or eps15 as binding to R916A, and the R916A-F837A double mutant is still normal compared with the wild-type protein (Fig. 4A) . The weak binding of dynamin to the ␣ C appendage responds to the mutations, in general, in an analogous way to amphiphysin (Fig. 4) . However, trace association of dynamin occurs in the R905A-F837A mutant, in the absence of detectable amphiphysin binding, suggesting that dynamin might associate with the appendage directly (10), albeit very weakly. Taken together, our data show that a surface containing numerous highly conserved residues at the top of the platform domain forms a principal binding interface for several endocytic accessory proteins. Deleting residues 701-750 of the ␣ C appendage results in a protein that is unable to bind either eps15 (15) or epsin 1 (17) . Because the appendage-binding carboxyl-terminal portion (residues 501-874) of eps15 is able to compete with the central domain (residues 249-401) of epsin 1 for binding to the ␣ C appendage (17) , it has been concluded that an overlappingbinding site for these two proteins lies within residues 701-750 of ␣ C (41) . These residues encompass the first three ␤ strands (AЈ, A, and B) of the sandwich domain (Fig. 2) . Removal of this portion of the appendage would severely disrupt the hydrophobic core of the domain and delete several critical side chains that interact with the overlying platform domain, in particular Phe-705, Ala-706, Val-709, Cys-710, Gln-732, and Asn-733. Because we have shown that the principal binding interface is found on the platform domain, we favor the conclusion that, instead of representing a binding site for epsin and eps15, the structural consequences of truncation of the first 50 amino acids of the ␣ C appendage preclude binding of eps15 and epsin at distant sites.
The precise molecular details of the binding interface between the ␣ appendage and accessory proteins should come from cocrystallization studies. Discrete regions of eps15 (15, 16) , epsin 1 (17) , and amphiphysin I (42) that are responsible for binding to the ␣ C appendage have been identified. In eps15 and epsin 1, the adaptor-binding portions are characterized by multiple repeats of the tripeptide motifs DPF or DPW, respectively, and the DPFcontaining portion of eps15 can inhibit the association of the DPW domain of epsin 1 with expressed ␣ C appendage (17) . ␣ C mutations affect the binding of eps15 and epsin 1 identically in our assays, fortifying the notion that the DPF͞W repeats might interact with the ␣ appendage. In fact, Arg-905 and Phe-837, the residues we found that, when both are altered to Ala, abolish the binding of these two proteins, are located on the perimeter of the hydrophobic pocket (Fig. 4B ) that is well suited to accommodate DPW͞F. The region of human amphiphysin I that binds to ␣ C has been mapped to residues 322-375 (42) and, strikingly, this region also contains a DPF sequence at the end of a functional clathrinbinding motif 351 LLDLDFDPF (43) . Rat brain AP180 has two DPF repeats (residues 399-401 and 474-476) as well as several redundant DXF repeats. Remarkably, auxilin, a necessary cofactor in the Hsc70-mediated clathrin-uncoating process (44) , also contains a DPF motif (amino acids 579-581) and associates with the ␣ C appendage (E. Ungewickell, personal communication). Taken together, all these observations provide compelling evidence for the direct involvement of the DPF͞W sequence in appendage binding and a general explanation for the binding of multiple endocytic accessory proteins to the conserved site on the platform domain. Dynamin 1 and 2 also each contain a single DPF triplet, located six residues ahead of the amphiphysinbinding sequence PSRPNR. Although this may explain the direct association of dynamin with the ␣ appendage (10), it seems likely that the primary mode of association with AP-2 is indirect via amphiphysin (7, 9) . Other regions on the molecular surface of the accessory proteins must also be involved in platform recognition to explain their different apparent affinities for the appendage (Fig. 1) and the differential effects of the ␣ C mutations on accessory protein binding (Fig. 4A) .
In conclusion, the structure of the ␣-subunit appendage reveals a molecular platform surface that, as the principal proteinbinding interface, is well suited to act as a springboard for coordinating the multiple protein-protein interactions that appear necessary to assemble a clathrin-coated vesicle. Unlike AP-2, amphiphysin, epsin and eps15 are not major components of isolated clathrin-coated vesicles (L.M.T., unpublished results) (17) . The association of these proteins with AP-2 appears to be precisely regulated by phosphorylation cascades (41, 42) . Our structural description of the binding interface on the ␣ appendage represents a first step toward understanding the molecular basis of this regulation.
